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S (54) rale: HEAT-TREATING METHODS AND SYSTEMS 




(57) Abstract: Methods and systems for heat-treating 
a workpiece are disclosed. A first method involves 
increasing a temperature of the workpiece over a first time 
priod to an intermediate temperature, and heating a surface 
of the workpiece to a desired temperature greater than the 
intermediate temperature, the heating conunencing within 
less time following the first time period than the first 
time period. A second method involves pre-heating the 
woikpiece from an initial temperature to an intermediate 
temperature, and heating a surface of the workpiece 
to a desired temperature greater than the intermediate 
temperature by an amount less than or equal to about 
one-fifth of a difference between the intermediate and 
initial temperatures. A third method involves irradiating 
a first side of the workpiece to pre heat the woricpiece 
to an intermediate temperature, and irradiating a second 
side of the woricpiece to heat the second side to a desired 
temperature greater than the inteimediate temperature. 
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HEAT-TREATING METHODS AND SYSTEMS 
FIELD OF THE INVENTION 

The present invention relates to heating of objects, and more particularly to 
5 methods and systems for heat-treating a workpiece. 

BACKGROUND OF THE INVENTION 

Many applications require heating or annealing of an object or workpiece. For 
example, in the manufacture of semiconductor chips such as microprocessors 

10 and other computer chips for example, a semiconductor wafer such as a 
silicon wafer is subjected to an ion implantation process, which introduces 
impurity atoms or dopants into a surface region of a device side of the wafer. 
The ion implantation process damages the crystal lattice structure of the 
surface region of the wafer, and leaves the implanted dopant atoms in 

15 interstitial sites where they are electrically inactive. In order to move the 

dopant atoms into substitutional sites in the lattice to render them electrically 
active, and to repair the damage to the crystal lattice structure that occurs 
during ion implantation, it is necessary to anneal the surface region of the 
device side of the wafer by heating it to a high temperature. 

20 However, the high temperatures required to anneal the device side also tend 

to produce undesirable effects using existing technologies. For example, 
diffusion of the dopant atoms deeper into the silicon wafer tends to occur at 
much higher rates at high temperatures, with most of the diffusion occuning 
within close proximity to the high annealing temperature required to activate 

25 the dopants. As performance demands of semiconductor wafers increase 
and device sizes decrease, it is necessary to produce increasingly shallow 
and abruptly defined junctions, and therefore, diffusion depths that would 
have been considered negligible in the past or that are tolerable today will no 
longer be tolerable in the next few years or thereafter. Cunrent industry 
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roadmaps, such as the International Technology Roadmap for 
Semiconductors 1999 Edition (publicly available at http://public.itrs.net/ ) 
indicate that doping and annealing technologies will have to produce junction 
depths as shallow as 30 nm by 2005, and as shallow as 20 nm by 2008. 

5 Most existing annealing technologies are incapable of achieving such shallow 
junction depths. For example, one existing rapid thermal annealing method 
involves illuminating the device side of tiie wafer with an array of tungsten 
filament lamps in a reflective chamber, to heat the wafer at a high rate. 
However, the wafer tends to remain hot for a considerable time after tiie 

10 power supply to the tungsten filaments is shut off, for a number of reasons. 

Typical tungsten lamps have a relatively long time constant, such as 0.3 
seconds, for example, as a result of the high thenmal masses of the filaments, 
which remain hot and continue to irradiate the wafer after the power supply to 
the filaments is discontinued. This slow time response of the filaments gives 

15 rise to the dominant thermal lag in such a system. Also, radiation return from 
the walls of the reflective process chamber provides another source of 
continued heating after the power is shut off. A temperature versus time 
profile of the wafer using this tungsten lamp annealing method tends to have 
a rounded top with relatively slow cooling after the power to the filaments is 

20 discontinued. Accordingly, if the wafer is heated with such a system to a 
suftlcientiy high temperature to repair the crystal lattice structure and activate 
the dopants, the wafer tends to remain too hot for too long a period of time, 
resulting in diffusion of the dopants to significantiy greater depths in the wafer 
than the maximum tolerable diffusion depths that will be required to produce 

25 30 nm junction depttis. 

Although the vast majority of dopant diffusion occurs in the highest 
temperature range of the annealing cycle, lowering the annealing temperature 
is not a satisfactory solution to the diffusion problem, as lower annealing 
temperatures result in significantiy less activation of the dopants and therefore 
30 higher sheet resistance of tiie wafer, which would exceed cunnent and/or 
future tolerable sheet resistance limits for advanced processing devices. 
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One annealing method that has achieved some success in producing shallow 
junctions involves the use of excimer lasers to heat and anneal the device 
side of the wafer. The short-wavelength monochromatic radiation produced 
by such lasers tends to be absorbed at very shallow depths In the device side 
5 of the wafer, and the short duration, high-power laser pulse (for example, a 10 
nanosecond pulse delivering about 0.4 J/cm^ to the device side surface) 
typically used for this process tends to heat a small localized area of the 
surface of the device side to melting or near-melting temperatures very 
rapidly, in significantly less than the time required for thermal conduction In 

10 the wafer. Accordingly, the bulk regions of the substrate of the wafer tend to 
remain cold and therefore act as a heat sink for the heated surface region, 
causing the surface region to cool very quickly. A typical surface temperature 
versus time profile of the localized area of the device side surface using laser 
annealing tends to be triangular-shaped and steeply sloped for both the 

15 heating and cooling stages and therefore, the device side spends only a very 

short period of time at high temperatures. Thus, the wafer does not remain 
hot long enough for much dopant diffusion to occur. However, because the 
bulk regions of the wafer, as well as device side areas other than the localized 
area heated by the laser, remain cold when tiie localized surface area of the 

20 device side is heated to annealing temperature, extreme thermal gradients 
are produced in the wafer, resulting in large mechanical strains which cause 
the crystal planes within the wafer to slip, thereby damaging or breaking the 
crystal lattice. In this regard, a very small spatial movement may completely 
destroy the crystal lattice. Themnal gradients may also cause other damage, 

25 such as warpage or defect generation. Even in the absence of slippage, a non- 
unifomn temperature distribution across the wafer may cause non-unifbnn 
perfbmnance-related characteristics, resulting in either inadequate performance 
of the particular wafer, or undesirable perfomnance differences from wafer to 
wafer. In addition, the large amount of energy delivered by the laser or lasers 

30 to the device side of the wafer is hon-uniformly absorbed by the pattem of 
devices thereon, resulting in deleterious heating effects in regions of the wafer 
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where annealing is not desired, and may also produce further large 
temperature gradients causing additional damage to the silicon lattice. 

Other ultra-fast heating methods similar to laser annealing have also been 
attempted. For example, flash lamps and microwave pulse generators have 
been used to rapidly heat the device side of the wafer to annealing 
temperature, resulting in a temperature-time profile similar to that achieved by 
laser annealing, with similar disadvantages. 

At least one approach in the early 1990s involved a low-temperature 
annealing stage followed by a laser annealing stage. The low-temperature 
stage typically involved heating the wafer to a mid-range temperature in an 
electric fumace, such as 600<^C for example, for a relatively long period of 
time, such as an hour or longer. A typical temperature-time profile of the 
device side surface using this method is flat for a very long time, followed by a 
rapid increase and rapid cooling of the surface resulting from the laser anneal. 
Although this method purports to reduce junction leakage cunrents as 
compared to laser annealing alone, the long duratton of the low-temperature 
annealing stage causes the dopants to diffuse to greater depths within the 
device side of the wafer. Such diffusion, which may have been tolerable or 
perhaps even negligible by early 1990s standards, would not pemnit the 
formation of sufficiently shallow junctions to comply with current perfomnance 
and industry roadmap requirements. 

A more recent approach involves the use of a fast responding argon plasma 
arc lamp heat source to irradiate the substrate side of the wafer, to rapidly 
heat the entire wafer to annealing temperatures. The time response of the arc 
lamp is short (typically on the order of 0.1 milliseconds or less) compared to 
that of the wafer itself, and thus the dominant thennal lag is that of the wafer, 
in contrast with the tungsten lamp method above where the dominant themiai 
lag is that of the tungsten filaments. A typical temperature-time profile of the 
wafer using this method tends to have heating and cooling temperature rates 
that are intermediate between those of tungsten systems and laser annealing 
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systems. Thus, the wafer spends less time at the high annealing temperature 
and therefore, less dopant diffusion occurs than with the tungsten lamp 
method. Accordingly, this method is capable of producing much shallower 
junction depths than tungsten lamp systems. As the entire wafer is heated 
5 rather than just the device side surface, the extreme transverse thermal 
gradients that result in laser annealing are avoided, thereby minimizing 
additional damage to the crystal lattice. In addition, as the substrate side is 
irradiated rather than the device side, non-uniform heating of the device side 
due to non-unifonn absorption by the pattern of devices is also much lower 
10 than for laser annealing, resulting in lower lateral temperature gradients and 
reduced damage to devices. However, eariy indications suggest that 
embodiments of this method may result in somewhat deeper diffusion of the 
dopants than laser annealing. 

Accordingly, there is a need for improved methods and systems for heat- 
15 treating a workplace. In addition to annealing a semiconductor wafer for ion 
activation and lattice repair purposes, other applications would also benefit 
from an Improved heat-treating method that addresses the above problems. 



SUMMARY OF THE INVENTION 

20 The present invention addresses the above needs by providing, in 
accordance with one aspect of the Invention, a method and system for heat- 
treating a workplace. The method involves increasing a temperature of the 
workpiece over a first time period to an intermediate temperature, and heating 
a surface of the workpiece to a desired temperature greater than the 

25 intermediate temperature. The heating is commenced within less time 

following the first time period than the first time period. The system includes a 
pre-heating device operable to increase the temperature of the woricpiece and 
a heating device operable to heat a surface of the workpiece in the above 
manner. Similarly, an altemative system includes means for increasing the 

30 temperature and means for heating the surlace in the above manner. 



wo 02/47143 



PCT/CAOl/00776 



-6- 

Increasing the workplece temperature over the first time period, prior to 
commencing the heating of its surface, decreases the magnitude of the 
thermal gradients that will occur in the workpiece when the surface is heated 
to the desired temperature. Therefore, thermal stress in the workplece Is 
5 reduced, and where the workpiece has a crystal lattice structure, such as a 
semiconductor wafer for example, damage to the lattice is conrespondingly 
reduced. 

In addition, by commencing the heating within less time following the first time 
period than the duration of the first time period itself, the workpiece spends 

10 less time at high temperatures (in the general range of the intermediate 

temperature) than the time taken to increase the workpiece temperature to the 
intermediate temperature. Therefore, where the woricpiece is a 
semiconductor wafer for example, the short duration of time spent at or 
approaching the intenmediate temperature senses to minimize dopant diffusion 

15 that would othenvise occur if the workpiece spent longer times at such high 
temperatures. 

Increasing the temperature of the workpiece preferably involves pre-heating 
the wori<piece for a time period greater than a themial conduction time of the 
workpiece. The pre-heating device may be operable to achieve this. This 
20 serves to allow much of the energy supplied to the workpiece during the pre- 

heating stage to conduct through the workpiece, thereby raising substantially 
the entire bulk of the workpiece to the intemiediate temperature. 

Similariy, heating preferably involves heating the surface for a time period less 
than a themnal conduction time of the workpiece. The heating device may be 

25 operable to achieve this. Thus, the surface may be heated quickly to the 
desired temperature while the bulk of tiie woriqpiece remains substantially at 
tiie cooler intenmediate temperature. This allows the bulk of tiie wortcpiece to 
act as a heat sink for the heated surface, causing the surface to cool much 
more rapidly when the heating stage is completed. As dopant diffusion occurs 

30 most significantiy at the highest temperature range, i.e. between the 
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intermedlate temperature and the desired temperature, this approach 
minimizes the time spent by the surface in this highest temperature range, 
thereby minimizing dopant diffusion. 

Heating the surface of the worl^piece preferably involves commencing the 
5 heating at an end of the first time period. The heating device may be 

operable to commence the heating at such a time. 

Similariy, the method may further involve producing an indication of a 
temperature of the workpiece. Heating the surface may then involve 
commencing the heating in response to an indication that the temperature of 

10 the workpiece is at least the intennediate temperature. The system may 
include a temperature indicator operable to produce the indication of the 
temperature of the workpiece, and the heating device may be operable to 
commence the heating in response to the indication from the temperature 
Indicator that the temperature of the workpiece is at least the intermediate 

15 temperature. 

Thus, by commencing the heating of the surface as soon as the intermediate 
temperature is achieved, the workpiece spends even less time at the 
intenmediate temperature, thereby further reducing the amount of dopant 
diffusion. 

20 Increasing the temperature of the workpiece may involve inradiating the 

workpiece. In this regard, irradiating may involve exposing the workpiece to 
electromagnetic radiation produced by an arc lamp, or alternatively, to 
electromagnetic radiation produced by at least one filament lamp. Similarly, 
the pre-heating device may include means for inradiating the workpiece, or 

25 alternatively may include an irradiance source operable to irradiate the 

workpiece, and the irradiance source may include an arc lamp or at least one 
filament lamp, for example. Altematively, the pre-heating device may include 
a hot body beatable to pre-heat the workpiece. 
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Increasing the temperature of the workpiece may involve pre-heating the 
workpiece at a rate of at least 250^C per second. Preferably, Increasing 
involves pre-heating the workpiece at a rate of at least 400^C per second. 
The pre-heating device is preferably operable to pre-heat the workpiece at 
5 such rates. Such rapid pre-heating further reduces dopant diffusion, while 
allowing the temperature of the bulk of the workpiece to be increased in order 
to reduce themrial stresses and resulting lattice damage during subsequent 
heating of the surface. However, if desired, significantly slower or faster rates 
may be substituted. 

10 Heating the surface of the workpiece preferably involves in^adiating the 

surface. In this regard, irradiating may involve exposing the surface to 
electromagnetic radiation produced by a flash lamp, or aKematively, may 
involve moving a laser beam across the surface. Similarly, the heating device 
may include means for inadiating the surface, or may similarly include an 

15 in-adiance source operable to irradiate the surface. The inradiance source 

may include a flash lamp or a laser, for example. 

The method preferably further involves absorbing radiation reflected and 
thermally emitted by the workpiece. Absorbing may involve absorbing the 
radiation in a radiation absorbing environment, or altematively, in at least one 

20 radiation absorbing surface. The method may further involve cooling the at 
least one radiation absorbing surface. Similarly, the system may further 
include a radiation absorbing environment, or altematively, at least one 
radiation absorbing surface, operable to absorb radiation reflected and 
thermally emitted by the workpiece. The system may then include a cooling 

25 system operable to cool the at least one radiation absorbing surface. 

If desired, increasing the temperature of the workpiece may further involve 
pre-heating the workpiece to the intermediate temperature, and heating the 
surface may involve heating the surface to a desired temperature greater than 
the intermediate temperature by an amount less than or equal to about one- 
30 fifth of a difference between the intermediate and initial temperatures. The 
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heating device may be operable to perform such heating. In addition, or 
alternatively, increasing the temperature of the workpiece may involve 
inradiating a first side of the workpiece to pre-heat the workpiece to the 
intennediate temperature, and heating the surface may involve irradiating a 
5 second side of the workpiece to heat the second side to the desired 
temperature. In this regard, the pre-heating device and the heating device 
may include first and second irradiance sources operable to in-adiate the first 
and second sides of the workpiece as indicated above. Advantages of these 
variations are discussed in connection with other aspects of the invention. 

10 In accordance with another aspect of the invention, there is provided a 

method and system for heat-treating a workpiece. The method involves pre- 
heating the workpiece from an initial temperature to an intennediate 
temperature, and heating a surface of the workpiece to a desired temperature 
greater than the intermediate temperature by an amount less than or equal to 

15 about one-fifth of a difference between the intermediate and initial 

temperatures. The system may include a pre-heating device and a heating 
device operable to pre-heat the workpiece and to heat the surface of the 
workpiece respectively, in the above manner. An alternative system includes 
means for pre-heating the workpiece and means for heating the surface of tiie 

20 workpiece. 

By pre-heating the workpiece in this manner, to an intermediate temperature 
that is relatively close to the desired temperature, the thermal gradients that 
are ultimately produced when the surface of the workpiece is heated to the 
desired temperature are reduced, resulting in lower thennnal sti-esses in the 

25 workpiece. Where the workpiece has a crystal lattice structure such as that of 
a semiconductor wafer for example, this serves to reduce themnal sb'ess 
damage to the lattice. At the same time, by pre-heating the workpiece to the 
intermediate temperature then heating the surface to the desired temperature, 
the surface may cool faster from the desired temperature than it would have if 

30 tiie entire workpiece had been heated to the desired temperature. Thus, the 
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surface may spend less time at the high desired temperature, resulting in less 
dopant diffusion and tiierefore resulting in shallower junction fomnation. 

Heating the surface to the desired temperature may involve heating the 
surface to a desired temperature greater than the Intermediate temperature by 

5 an amount less than or equal to about one-tenth of the difference between the 
intemiediate and initial temperatures. Sirnilarly, the desired temperature may 
be greater than the Intermediate temperature by an amount less than or equal 
to about one-twentieth of the difference between the intenmediate and initial 
temperatures. The heating device may be operable to heat the surface in this 

10 manner. It has been found that these temperature relationships are 

particularly advantageous for some applications, such as ion activation in 
semiconductor wafers for example. 

Similarly, the desired temperature may be at least about 1050°C, which has 
been found to be a suitable ion activation annealing temperature for some 
15 applications. The heating device may be operable to heat the surface to such 
a temperature. 

Pre-heating preferably involves pre-heating tiie workpiece for a time period 
greater than a thermal conduction time of the workpiece, and heating 
preferably involves heating the surface for a time period less than a thermal 
20 conduction time of tiie workpiece, as discussed above in connection witti the 
previous aspect of the invention. The pre-heating and heating devices are 
preferably operable to perform such pre-heating and heating respectively. 

Pre-heating preferably involves irradiating the workpiece, as discussed in 
connection with the previous aspect of the invention. Similarly, the pre- 
25 heating device may include means for inradiating the workpiece, or an 
irradiance source operable to inradiate the workpiece, or a hot body locatable 
to pre-heat the workpiece. as discussed above. 
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Pre-heating may involve pre-heating the workpiece at a rate of at least 250^C 
per second, and preferably at a rate of at least 400°C per second, which the 
pre-heating device may be operable to achieve. 

Heating the surface of the workpiece preferably Involves irradiating the 
5 surface, as discussed in connection with the previous aspect of the invention. 
Thus, the heating device may include means for In^adiating the surface, or 
alternatively an irradiance source operable to inradiate the surface, as 
discussed above. 

The method may further involve producing an indication of a temperature of 
10 the workpiece, and heating may then involve commencing the heating in 
response to an indication that the temperature of the workpiece is at least the 
intermediate temperature, as discussed above. The system may therefore 
include a temperature indicator and the heating device may be operable to 
commence the heating in response thereto, as discussed above. 

15 The method may further involve absorbing radiation reflected and thermally 

emitted by the workpiece, as previously discussed, and thus, the system may 
include a radiation absorbing environment or radiation absorbing surface, and 
may further include a cooling system. 

Pre-heating may involve inradiating a first side of the workpiece to pre-heat the 
20 workpiece to the intemiediate temperature, and heating may involve 
irradiating a second side of the workpiece to heat the second side to the 
desired temperature. The pre-heating and heating devices may include first 
and second irradiance sources operable to irradiate the first and second sides 
of the workpiece, respectively. 

25 In accordance with another aspect of the invention, there is provided a 
method and system for heat-treating a workpiece. The method involves 
inradiating a first side of the workpiece to pre-heat the workpiece to an 
intermediate temperature,, and irradiating a second side of the workpiece to 
heat the second side to a desired temperature greater than the intemiediate 
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temperature. The system includes first and second irradiance sources 
operable to irradiate the first and second sides respectively in the above 
manner. An alternative system includes respective means for irradiating the 
first and second sides in the above manner. 

5 It has been found that irradiating the first and second sides, to pre-heat the 
workpiece and to heat the second side respectively in the above manner, 
tends to reduce the magnitude of the thenmal gradients that occur when the 
second side is heated to the desired temperature, thereby reducing damage 
to the workpiece resulting from thermal stresses. In addition, where the 

10 workpiece is a semiconductor wafer for example, the combination of pre- 

heating of the workpiece and heating of its second side serves to reduce 
dopant difFusk)n, thereby permitting the fonnation of shallower junctions than 
other technologies which attempt to provide relatively low thernial stress 
damage. 

15 Irradiating the first and second sides preferably includes irradiating a 

substrate side and a device side respectively of a semiconductor wafer. The 
firet and second irradiance sources may be locatable to irradiate the substrate 
and device sides respectively. Due to the greater uniformity of the emissivity 
across the substrate side of the wafer as compared to the device side, the 

20 inadiation of the substrate side to pre-heat the wafer results in significantly 

greater temperature unrfonnity In the wafer, and therefore significantly less 
themial stress damage, than other methods that deliver the entire annealing 
energy to the device side of the wafer. In contrast, if the device side alone 
was inadiated to heat the device side from room temperature to 1050®C for 

25 example, then an emissivity difference of 10% between different devices on 

the device side may result in a lateral temperature difference of approxiniately 
100"C, which Is well in excess of current tolerable temperature difference 
limits, and may therefore cause themial stress damage to the devices and to 
the lattice. 
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Irradiating the first side preferably involves irradiating the first side for a time 
period greater than a thermal conduction time of the workpiece, and the first 
irradiance source may be operable to achieve this. This serves to allow much 
of the energy supplied to the first side of the workpiece during the pre-heating 
5 stage to conduct through the workpiece, thereby raising substantially the 
entire bulk of the woricpiece to the intemnediate temperature. 

Conversely, irradiating the second side preferably involves inradiating the 
second side for a time period less than a themnal conduction time of the 
workpiece. The second irradiance source may be operable to irradiate the 

10 second side in this manner. This allows the second side to be heated quickly 
to the desired temperature while the bulk of the workpiece remains 
substantially at the cooler intermediate temperature. The bulk of the 
wori<piece may thus act as a heat sink for the heated second side, causing 
the second side to cool much more rapidly when the heating stage is 

15 completed. As dopant diffusion occurs most significantly at the highest 
temperature range, i.e. between the intemnediate temperature and the desired 
temperature, this approach minimizes the time spent by the second side in 
this highest temperature range, thereby minimizing dopant diffusion. 

Irradiating the first side preferably involves exposing the first side to 
20 electromagnetic radiation produced by an arc lamp, or altematively, at least 
one filament lamp. Similariy, the first irradiance source may include means 
for irradiating the workpiece, or may include an arc lamp or at least one 
filament lamp. 

Irradiating the first side may involve inradiating the first skle with a radiation 
25 intensity sufficient to pre-heat the workpiece at a rate of at least 250°C per 
second, and preferably, at a rate of at least 400°C per second, as discussed 
in connection with a previous aspect of the invention. The first irradiance 
source may be operable to irradiate the first side at such rates. 

Irradiating the second side preferably involves exposing the second side to 
.30 electromagnetic radiation produced by a flash lamp, but may altematively 
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involve moving a laser beam across the surface. Similariy, the second 
Irradiance source may include means for irradiating the workpiece, or may 
Include a flash lamp or a laser. 

The method may further involve producing an indication of a temperature of 
5 the workpiece, and in^diating of the second side may be commenced in 
response to an indication that the temperature of the workpiece is at least the 
intennedlate temperature. Similarly, the system may include a temperature 
indicator and the second inradiance source may be operable to commence the 
inradiating of the second side in response such an indication from the 
10 temperature indicator. 

The method may further Involve absorbing radiation reflected and themially 
emitted by the workpiece, as previously discussed, and similarly, the system 
may include a radiation absorbing environment, or may include at least one 
radiation absorbing surface, and may further include a cooling system. 

15 Other aspects and features of the present invention will become apparent to 
those ordinarily skilled in the art upon review of the following description of 
specific embodiments of the inventbn in conjunction with the accompanying 
figures. 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

In drawings which illustrate embodiments of the invention. 

Figure 1 is a block diagram of a system for heat-treating a wortqpiece, 
according to a first embodiment of the Invention; 



25 



Figure 2 



is a skie view of a system for heat-treating a woricpiece according 
to a second embodiment of the invention (shown with a skle v^ll 
removed); 



wo 02/47143 PCT/CA01/0O776 

-15- 

Flgure 3 is a flowchart of a heat-treating routine executed by a processor 
circuit of the system shown In Figure 2; 

Figure 4 is a graphical representation of a temperature-time profile of a 
surface of the workpiece shown in Figure 2 during a themial cycle 
according to the second embodiment of the invention; 

Figure 5 is a side view of a system for heat-treating a workpiece according 
to a third embodiment of the invention (shown with a side wall 
removed); 

Figure 6 Is a side view of a system for heat-treating a workpiece according 
to a fourth emtx>diment of the invention (shown with a side wall 
removed); and 

Figure 7 Is a side view of a system for heat-treating a workpiece according 
to a fifth embodiment of the Inventton (shown with a side wall 
removed). 



DETAILED DESCRIPTION 

Refemng to Figure 1 , a system for heat-treating a workpiece according to a 
first embodiment of the invention is shown generally at 20. The system 
includes a pre-heating device 22 operable to increase a temperature of a 
workpiece 24 over a first time period, to an intermediate temperature. The 
system further includes a heating device 26 operable to heat a surface 28 of 
the workpiece to a desired temperature greater than tiie intermediate 
temperature, and operable to commence the heating within less time following 
the first time period than the first time period. 

System 



Refemng to Figure 2, a s^em for heat-treating a workpiece according to a 
second embodiment of the invention is shown generally at 30. The system 30 
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includes a pre-heating device 32, operable to increase a temperature of a 
workpiece 34 over a first time period, to an intermediate temperature. The 
system further includes a heating device 36, which in this embodiment is 
operable to heat a surface 38 of the workpiece 34 to a desired temperature 
greater than the intermediate temperature, and is operable to commence the 
heating within less time following the first time period than the first time period. 

In this embodiment, the pre-heating device 32 is operable to pre-heat the 
wori<piece 34 from an initial temperature to the intennedlate temperature, and 
the heating device 36 is operable to heat the surface 38 of the workpiece 34 
to the desired temperature, which is greater than the intermediate 
temperature by an amount less than or equal to about one-fifth of a difference 
between the intemnediate and Initial temperatures. More particulariy, in this 
embodiment the heating device is operable to heat the surface to a desired 
temperature greater than the intermediate temperature by an amount less 
than or equal to about one-tenth, or more particularly still, less than or equal 
to about one-twentieth, of the difference between the intemnediate and initial 
temperatures. 

Also In this embodiment, the pre-heating device 32 Includes a first irradiance 
source 40 operable to inradiate a first side 42 of the workpiece 34 to pre-heat 
the workpiece to the Intenmediate temperature, and the heating device 36 
Includes a second irradiance source 44 operable to in'adiate a second side 46 
of the workpiece, which In this embodiment Is co-extensive with the surface 
38 of the workpiece, to heat the second side 46 to the desired temperature 
greater than the intennedlate temperature. 

Process Chamber 

Still refening to Figure 2, In this embodiment, the system 30 Includes a 
radiation absorbing environment operable to absorb radiation reflected and 
themnally emitted by the workpiece 34. More particulariy, in this embodiment 
the radiation absort)ing environment is provided by a blade chamber 48 
sunrounding the workpiece 34. The black chamber 48 Includes walls 50, 52, 
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54 and 56, each of which acts as a radiation absorbing surface operable to 
absorb the radiation reflected and themnally emitted by the workpiece 34. In 
this embodiment the walls 50, 52, 54 and 56 are made of black stainless steel. 
Alternatively, other suitable radiation-absorbing materials may be used, such as 
5 anodized aluminum for example. As a further alternative, the walls may be 
composed of virtually any thenmally conductive material and coated with a 
radiation-absorbing substance such as paint containing graphite, for example. 

Generally, the radiation-absorbing effect of the black chamber 48 serves to 
increase the response time of the system 30, so that the workpiece begins to 

10 cool more quickly after the pre-heating and heating devices 32 and 36 are 
switched off than It would if a reflective chamber were substituted for the black 
chamber 48. This increased system response time results in a more sharply- 
defined temperature profile in which the surface 38 of the wori<piece 34 
spends less time at the highest temperatures involved in any given thermal 

15 cyde. Where the workpiece 34 is an ion-implanted semiconductor wafer, this 
tends to reduce the dopant diffusion depth during the themial cycle, allowing 
for the fomiation of shallower junctions. In additton, the black chamber 48 
reduces damage to the crystal lattice of such a workpiece as compared to 
reflective chambers, which non-unifomily reflect radiation back to the 

20 wori^piece which then non-unifonnly absorbs such radiation, giving rise to 
increased themnal gradients and thermal stress in the woricpiece. 
Alternatively, however, a reflective chamber may be substituted for the black 
chamber 48 if desired, which would increase the energy efficiency of the 
thermal cycle at the expense of greater dopant diffusion and thermal stress in 

25 . the workpiece. 

In this embodiment the system 30 further includes a cooling system 58 
operable to cool the radiation absorbing walls 50, 52, 54 and 56 of the black 
chamber 48. More particularly, in this embodiment the cooling system 58 Is a 
water circulation system, although alternatively other cooling systems may be 
30 substituted. Altematively, the cooling system may be omitted, although this 
would be undesirable if radiation absorbing surfaces are provided, as the 
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radiation absorbing surfaces would otherwise become liot and would continue 
to iieat the workpiece 34 after the pre-heating and heating devices 32 and 36 
are deactivated, thereby slowing the response time of the system 30. 

In this embodiment the system 30 further Includes a temperature indicator 60 

5 operable to produce an indication of a temperature of the workpiece. More 
particularly, in this embodiment the temperature indicator 60 includes a 
measuring system such as that disclosed in commonly-owned Patent 
Cooperation Treaty Application PCT/CAOO/00513, published Nov. 9, 2000 
under publication number WO 00/67298, which is incorporated herein by 

10 reference. Thus, in the present embodiment the temperature indicator 60 

includes a charge-coupled device (CCD) mounted beneath a quartz window 
53 in the wall 52 of the black chamber 48, and further includes a CCD optics 
system (not shown) and a band-pass filter (not shown) interposed between 
the CCD and the window 53, and a radiation sensor (not shown) mounted on 

15 a lower surface of an intemal wall 57 of the black chamber 48. Altematively, 

other temperature indicators, such as a pyrometer for example, may be 
substituted for the temperature indicator. As a further alternative, the 
temperature of the workpiece 34 may simply be predicted from the power 
supplied to the workpiece, without the necessity of directly measuring the 

20 workpiece temperature. 

The intemal wall 57 in the black chamber 48 extends between the walls 50 
and 56 of the black chamber. An annular guard ring 61 is set in a disc- 
shaped opening 59 in the intemal wall 57 and extends radially inward into the 
opening 59. The guard ring 61 includes the same or similar material as the 
25 wori<piece, which in this embodiment is silicon. The guard ring is used to reduce 
edge effects during the thermal cyde, and acts as a locator for locating the 
wori<piece in a desired position relative to the pre-heating and heating devices. 
Altematively, other means for supporting the woricpiece may be substituted. 

30 In addition, if desired, the black chamber 48 may Include gas flow ports (not 
shown) and flow controllers (not shown) for controlling gas flows in the vicinity 
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of the workpiece, although such elements are not necessary for typical 
annealing applications. 

Workpiece 

5 Still refenring to Figure 2, in this embodiment, the workpiece 34 includes a 
semiconductor wafer. More particularly, in this embodiment the 
semiconductor wafer is a silicon wafer used in the manufacture of 
semiconductor chips such as microprocessors and memory devices, for 
example. The first side 42 of the workpiece 34 is a substrate side, while 

10 second side 46 is a device side. Thus, as shown in Figure 2, in this 
embodiment, the first and second inradiance sources 40 and 44 are locatable 
to Inradiate a substrate side and a device side respectively of a semiconductor 
wafer. The device side (the second side 46) of the silicon wafer has been 
previously subjected to an ion implantation process, such as ultra-low energy 

15 boron implantation for the formation of shallow p+/n junctions, for example, to 

implant impurity or dopant atoms into surface regions of the device side. As a 
result of such ion implantation, the workpiece suffers crystalline lattice 
damage, and the boron implants tend to remain concentrated largely at 
interstitial locations where they are electrically inactive, In a high boron 

20 concentration layer produced by the implant in the vicinity of the second side 
46. Therefore, the workpiece must be subjected to an annealing process to 
force the implants Into substitutional sites in the lattice of the silicon wafer 
thereby rendering them electrically active, and to repair the crystalline lattice 
damage suffered during ion implantation. 

25 Alternatively, however, embodiments of the present invention have 
applications beyond mere activation of implanted dopants and therefore the 
workpiece 34 may alternatively include a wafer that is to be annealed for 
different purposes. For example, other emtxKliments of the heat-treating 
methods and systems exemplified herein may be applied to anneal layers of 

30 metals, oxkjes, nitrides, silicides, silicates or halniates on regions of the wafer. 

SImilariy, other embodiments may also be used to thennally oxkiize or to 
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thermally nitridize regions of the wafer, or to drive chemical vapor deposition 
of layers on the wafer, or to drive solid state reactions within the bulk and the 
near surface regions of the wafer, to name but a few examples. 

More generally, it Is expected that many types of workpieces that include a 
5 base material coated with a plurality of layers of differing materials may 
benefit from embodiments of the heat-treating methods exemplified herein. In 
this regard, the base material may include a semiconductor such as silicon, 
silicon cariaide or gallium arsenide for example, but alternatively, may include 
a magnetic medium used to fabricate memory media or magnetic read / write 
10 heads, or may include a glass used to fabricate flat panel displays, for 

example. Such woriqsieces may or may not have been subjected to a surface 
modtficatfon process such as pre-amorphization, and the layers may be either 
laterally continuous or discontinuous (as a result of intentional patteming) 
across the surfaces of the base material, or a combination of continuous and 
15 discontinuous layers. 

More broadly, however, the workpiece 34 need not be any of the above types 
of woricpieces, but may alternatively include any other type of workpiece that 
would benefit from the heat-treating methods and systems claimed and 
exemplified herein. 

20 Pre-heatino Device 

Still refening to Figure 2, in this embodiment, the pre-heating device 32, or 
more particulariy the first irradiance source 40, includes an arc lamp 62. More 
particulariy, in this embodiment the arc lamp 62 is a 500 kW water wall argon 
plasma arc lamp available from Vortek Industries Ltd. of Vancouver, British 

25 Columbia, Canada. Such arc lamps provide numerous advantages for 
semiconductor annealing as compared to tungsten filament lamp sources. 
For example, as a result of the low thennal mass of argon plasmas, the 
response time of the arc lamp 62 is on the order of 0.2 ms or less, which is 
not only faster than a themnal conduction time of a silicon wafer but is also 

30 three orders of magnitude faster than response times of typical tungsten 
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fitament lamps, which permits a faster thermal cycle resulting in less dopant 
diffusion than tungsten filament annealing systems. In addition, the arc lamp 
62 produces over 95% of its spectral distribution below the 1.2 ^m band gap 
absorption of cold silicon, as compared to 40% for typical tungsten lamp 
5 sources, resulting in greater heating efficiency. Also, the plurality of tungsten 
filament lamps in a typical tungsten annealing system are not perfectly 
calibrated with one another and their irradiance spectra also change over time 
due to changes in the filament, accumulation of deposits on lamp bulb 
surfaces, etc. Therefore, the use of the single arc lamp 62, whose irradiance 

10 does not appreciably change over time, increases the uniformity of irradiation 
of the workpiece, resulting in lower thermal gradients in the workplece and 
less corresponding thermal damage to the lattice, and eliminates the need for 
frequent calibration and re-calibratbn of a large number of energy sources 
such as an anray of tungsten lamps, for example. Similarly, the long lifetime of 

15 the arc lamp 62 eliminates the need for frequent replacement and re-calibration 

of bumed-out bulbs. Altematively, however, other types of pre-heating devices 
may be substituted. 

In this embodiment the pre-heating device 32 further includes a reflector 64. 
More particularly, in this embodiment the reflector 64 is formed by a series of 
20 flat segments forming a trough shape, so as to cooperate with the arc lamp 62 
to produce a generally uniform inadiance field. Such reflectors are 
manufactured by Vortek Industries Ltd., of Vancouver, Canada, for example. 
Altematively, the reflector may be omitted or replaced with other reflectors, 
although it is desirable that the irradiance field be generally uniform. 

25 The arc lamp 62 is positioned at a focal point of the reflector 64, and the arc 
lamp and the reflector are positioned to irradiate the first side 42 of the 
workpiece 34 with a substantially uniform Inradiance field at an angle of 
incidence of 45 degrees relative to the surface of tiie first side 42 of the 
workpiece. 



wo 02/47143 



PCT/CAOl/00776 



-22- 

In this embodiment, the black chamber 48 further includes a quartz window 65 
extending between the walls 52 and 56 of the black chamber. The quartz 
window 65 serves to isolate the arc lamp 62 and reflector 64 from the interior 
of the black chamber 48, to prevent contamination of the workplace. 

5 The pre-heating device of the present embodiment is operable to pre-heat the 
workpiece at a rate of at least 250^C per second, or more particularly, at a 
rate of at least 400*>C per second. To achieve such ramp rates, the arc lamp 
62 is capable of in-adiating the first side 42 of the workpiece with an intensity 
of approximately 1x10^ W/cm^ to achieve a ramp rate moderately in excess of 

10 250°C/s, or an intensity of approximately 1.4x10^ W/cm^ to achieve a ramp 

rate moderately in excess of 400°C/s, such radiation intensities being 
detemnined by the input power supplied to the arc lamp. Alternatively, the arc 
lamp is capable of accepting a continuous range of input power levels and 
accordingly, faster or slower ramp rates may be substituted, although slower 

15 rates tend to result in increased dopant diffusion, and much faster rates (on 

the order of the thermal lag time of the workpiece, for example) may result in 
larger thermal gradients in the workpiece. For example, ramp rates on the 
order of SO^'C/s may well be adequate for some applications, whereas much 
faster ramp rates may be acceptable for other applications. 

20 Additionally, in the present embodiment the system 30 includes a connective 
energy source 66 mounted beneath a quartz window 67 in the wall 52 of ^e 
black chamber 48. The connective energy source supplies additional heating 
to cooler regions of the workpiece 34 during a themiai cycle, to increase the 
unifonmity of the temperature distribution in the workpiece, thereby reducing 

25 lattice damage caused by thenmal stresses. More particularly, in this 

emtxKiiment the corrective energy source is similar to that disclosed in the 
above-noted commonly-owned Patent Cooperation Treaty Application 
Publication No. WO 00/67298. AKematively, however, the corrective energy 
source may be omitted entirely, or other types of corrective energy sources 

30 may be substituted. 
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Heatino Device 

In this embodiment, the heating device 36, or more particulariy the second 
inradiance source 44, includes a flash lamp 68. The flash lamp is somewhat 
similar to the arc lamp 62, but also includes a power supply system 69 that 
5 may be pre-charged then abruptly discharged in order to supply a "spike" of 
input power to the flash lamp 68. More particulariy, in this embodiment the 
flash lamp includes a replaceable flash bulb manufactured by ILC Technology 
of Sunnyvale Califomia, and the power supply system 69 of the flash lamp 
includes a power supply model number PS5010 manufactured by EKSMA 
10 Company of Vilnius, Lithuania. Altematively, other types of power supplies 

operable to supply abrupt spikes of input power, other types of flash lamps, or 
more broadly, other heating devices, may be substituted. 

In response to a discharge of the power supply system 69, the flash lamp 68 
is operable to produce a flash of electromagnetic radiation with a power 

15 output of 4 - 6 MW ranging from 1 - 5 ms in duration. For example, a 6 MW 
flash of 1 ms duration may be advantageous for some applications. By 
producing such a flash when the workpiece is at the intenmediate 
temperature, the heating device 36 Is operable to heat the surface 38 of the 
workpiece from the intermediate temperature to a desired temperature of at 

20 least about 1050°C. 

The flash lamp 68 is advantageous for the purposes of the present 
embodiment, in comparison to other ultra-fast heating devices. For example, 
although excimer lasers have been previously used for some annealing 
purposes, the monochromatic radiation produced by a laser tends to give rise 

25 to optical interference effects produced by thin films which coat the surface of 
a semiconductor workpiece and which are intentionally laterally 
inhomogeneous. Such optical interference effects produce lateral 
temperature gradients which result in themial stress damage to ttie lattice of 
the workpiece. The flash lamp 68 is less susceptible to such interference 

30 effects ttian lasers, due to tiie broader specbrum of the electromagnetic 
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radiation produced by the flash lamp. In addition, laser annealing typically 
requires multiple heating cycles, such as hundreds of cycles for example, to 
anneal the entire workpiece surface, and accordingly, if a laser were 
substituted as the heating device, the workpiece would spend a longer 

5 amount of time at the intermediate temperature, resulting in deeper dopant 
diffusion. Also, use of a laser as the heating device tends to produce lower 
quality junctions than the flash lamp, resulting in higher cunrent leakage. In 
addition, the faster ramp time associated with lasers (typically two orders of 
magnitude faster than that associated with the flash lamp) tends to produce 

10 higher themnal gradients, increasing the likelihood of lattice damage. Finally. 

due to the extremely shallow heat penetration resulting from laser annealing, 
it is sometimes not possible to achieve proper annealing of a desired layer 
such as a thin gate that lies undemeath an intervening layer, due to 
"shadowing" by the intervening layer, whereas in contrast the flash lamp tends 

15 to heat the entire surface region including the intervening and underlying layer 

to sufficient annealing temperatures. 

Alternatively, however, if desired, other types of heating devices may be 
substituted for Vne flash lamp 68. For the purposes of the present 
embodiment, it is desirable that any altemative heating device have a 

20 response time faster tiian tiie thennal conduction time of the workpiece 34 

(typically on the order of 10 - 15 ms) and be capable of heating the second 
side 46 of tiie workpiece from the intemnediate temperature to the desired 
temperature in less time than the themnal conduction time of the workpiece, 
so that tiie bulk of the workpiece 34 will remain at substantially the 

25 intemnediate temperature in order for tiie bulk to act as a heat sink to facilitate 

rapid cooling of the second side 46 from ttie desired temperature to tiie 
intermediate temperature. 

In tills embodiment the heating device 36 furttier includes a reflector 70. More 
particularly, in tiiis embodiment tiie reflector 70 is fomned by a series of flat 
30 segments fomning a trough shape, so as to cooperate witii the flash lamp 68 to 
produce a generally uniform inradiance fiekl. Such reflectors are manufectured 
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by Vortek Industries Ltd., of Vancouver, Canada, for example. Alternatively, 
the reflector may be omitted or replaced with other reflectors, although it is 
desirable that the in-adiance field be generally uniform. 

The flash lamp 68 is positioned at a focal point of the reflector 70, and the 
5 flash lamp and the reflector are positioned to irradiate the second side 46 of 
the workpiece 34 with a substantially uniform in-adiance field at an angle of 
incidence of 45 degrees relative to the surface of the second side 46 of the 
workpiece. 

In this embodiment, the black chamber 48 further includes a quartz window 7t 
10 extending between the walls 50 and 54 of the black chamber. The quartz 
window 71 serves to isolate the flash lamp 68 and the reflector 70 from the 
interior of the black chamber 48, to prevent contamination of the workpiece. 

Control Device 

In this embodiment, the system 30 further includes a processor circuit 72, 
15 which in the present embodiment is housed within a general purpose 
computer 74. The processor circuit 72 is in communication with the pre- 
heating device 32 and the heating device 36. In addition, in embodiments 
such as the present embodiment in which the temperature indicator 60 and 
ttie conrective energy source 66 are provided, the processor drcuit Is in further 
20 communication with such devices. 

in this embodiment, the computer 74 further includes a storage device 76 in 
communication with the processor circuit 72. More particularly, the storage 
device 76 Includes a hard disk drive and a random access memory. The 
computer 74 further includes an input device 78, which in this embodiment Is 
25 a keyboard, and an output device 80, which in this embodiment is a color 
monitor. Alternatively, however, other storage, input and output devices may 
be substituted. Or, as a further aitemative, the processor circuit may be 
omitted entirely and replaced with any other suitable means for controlling the 
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pre-heating and heating devices 32 and 36 in accordance with the methods 
exemplified herein. 

Operation 

Refemng to Figures 2, 3 and 4, in this embodiment the storage device 76 
5 shown in Figure 2 stores blocks of codes for directing the processor circuit 72 

to execute a heat-treating routine shown generally at 90 in Figure 3. The 
heat-treating routine Is executed by the processor circuit in response to user 
input received at the user input device 78 indicating that a heat-treating cycle 
is to commence. 

10 Generally, in this embodiment, the heat-treating routine 90 configures the 

processor circuit 72 to control the pre-heating device 32 and the heating 
device 36 to increase a temperature of the workpiece 34 over a first time 
period to an Intermediate temperature, and to heat the surface 38 of the 
workpiece 34 to a desired temperature greater than the Intemiediate 

15 temperature, the heating commencing within less time following the first time 

period than the first time period. In this embodiment the desired temperature 
is greater than the intemnediate temperature by an amount less than or equal 
to about one-fifth of a difference between the intenmediate temperature and 
an initial temperature of the woricpiece. 

20 Generally, throughout the execution of the heat-treating routine 90, the walls 

50, 52, 54 and 56 of the black chamber 48 absorb radiation reflected and 
themially emittisd by the workpiece 34, and the cooling system 58 cools these 
walls to prevent them from becoming hot in response to such absorption 
which would otherwise result in re-emission of absorbed energy by the walls 

25 as blackbody radiation. Alternatively, however, such absorption and cooling 

may be omitted at the expense of temperature uniformity in the workpiece 
during the execution of the heat-treating routine. 

The heat-treating routine 90 begins with a first block 100 of codes shown in 
Figure 3, which directs the processor circuit 72 to increase a temperature of 
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the workplece 34 over a first time period to an intermediate temperature. To 
achieve this, block 100 directs the processor circuit to activate the pre-heating 
device 32, or more particularly the first Irradiance source 40, to Irradiate the 
first side 42 of the workplece 34 to pre-heat the workplece to an intermediate 
5 temperature. More particularly, block 100 directs the processor circuit to 
control the arc lamp 62 shown in Figure 2 to continuously In-adlate the first 
side 42 of the workplece with a constant radiation Intensity of approximately 
1.4x10^ W/cm^, which it has been found Is sufficient to pre-heat the workpiece 
at a ramp rate moderately in excess of 400°C/s. Thus, in this embodiment 
10 irradiating the workpiece involves exposing the workpiece to electromagnetic 
radiation produced by an arc lamp. 

Block 100 also directs the processor circuit 72 to initialize the heating device 
36, which in this embodiment is achieved by charging the power supply 
system 69 of the flash lamp 68 shown In Figure 2. 

15 In addition, in embodiments in which the con'ectlve energy source 66 shown 
in Figure 2 Is to be used, block 100 further directs the processor circuit 72 to 
control the con-ectlve energy source 66 to produce a desired spatial 
temperature distribution across the workplece during the pre-heating stage, as 
described in detail in the above-noted commonly-owned PCT Patent 

20 Application Publication No. WO 00/67298. Alternatively, the conrectlve energy 

source may be omitted. 

Block 110 then directs the processor circuit 72 to determine whether the 
intermediate temperature has been achieved in the workplece. In this 
embodiment, block 110 directs the processor circuit to achieve tiiis by 

25 monitoring signals received from the temperature indicator 60 shown in Figure 
2 indicative of the temperature of the wori<piece 34. AKematively, however, 
block 110 may direct the processor drcuit to act as a temperature indicator, to 
produce an indication of a temperature of the workpiece based on the time 
elapsed since the pre-heating device was activated at block 100, in view of a 

30 predicted heating rate conresponding to the intensity of radiation incident upon 
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the workpiece, to determine whether the intermediate temperature has been 
achieved. Although the magnitude of the intermediate temperature will vary 
from application to application, in the present embodiment the intermediate 
temperature is 1000*^0 and therefore, this temperature will be achieved In the 
5 workpiece after approximately 2.5 seconds of in^diation of the workpiece by 
the pre-heating device 32. In effect, therefore, blocks 100 and 110 direct the 
processor circuit to control the pre-heating device 32 to pre-heat the 
workpiece for a time period greater than a thermal conduction time of the 
workpiece (which is on the order of 10-15 ms). 

10 Upon detemiining at block 110 that the intenmediate temperature has been 
achieved in the workpiece 34, block 120 directs the processor drcuit 72 to 
heat the surface 38 of the workpiece 34 to a desired temperature that is 
greater than the intenmediate temperature by an amount less than or equal to 
about one-fifth (or more particularly, less than or equal to about one-twentieth) 

15 of a difference between the Intemriediate temperature and the initial 
temperature of the workpiece. In this embodiment, this heating stage 
commences within less time following the first time period (during which the 
workpiece temperature was increasing to the intemnediate temperature) than 
the fii^t time period. More particulariy, as a result of the execution of blocks 

20 110 and 120, tiie heating device 36 is operable to commence the heating of 
the surface 38 of the wori^piece in response to the indication from the 
temperature indicator 60 that the temperature of the workpiece 34 is at least 
the intermediate temperature, or alternatively, where the temperature indicator 
is omifted for example, the heating device is operable to conunence such 

25 heating at an end of the first time period (during which tiie temperature of the 
workpiece was increasing to the intenmediate temperature). Alternatively, for 
some applications it may be desirable to delay commencement of the heating 
stage until slightiy after the deactivation of the pre-heating device, to allow for 
the thermal lag of the workpiece (on the order of 10-15 ms). However, any 

30 longer delays in commencing tills heating stage will tend to increase dopant 
diffusion in the workpiece. Therefore, in general it is preferable not to delay 
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the commencement of the heating stage at all, but If a delay Is desired for a 
particular application, it is generally undesirable to "hold" the workpiece 
temperature at the intermediate temperature for longer than the time taken to 
heat the workpiece from its initial temperature to the intemnediate 
5 temperature. 

To commence the heating stage in the present embodiment, block 120 directs 
the processor circuit 72 to deactivate the pre-heating device 32 (including the 
corrective energy source 66 if a conrective energy source is provided), and to 
activate the heating device 36 to heat the surface 38 of the workpiece to the 

10 desired temperature. More particularly, in this embodiment, block 120 directs 

the processor circuit 72 to commence the heating stage by controlling the 
second irradiance source 44 to irradiate the second side 46 of the workpiece 
34 to heat the second side to the desired temperature, which is greater than 
the intermediate temperature. The processor circuit is directed to achieve this 

15 by signaling the flash lamp 68 shown in Figure 2, to cause the flash lamp 

power supply system 69 to be discharged to produce a short-duration, high 
energy arc in the flash lamp, which irradiates the surface 38 of the worlqpiece 
at a power of approximately 5 MW, for a duration on the order of 1 ms. Thus, 
in this emt)odiment in-adiating the surface 38 involves exposing the surface to 

20 electromagnetic radiation produced by a flash lamp. 

This flash heats the surface 38 of the workpiece to the desired temperature, 
which in this embodiment is 1050°C. At this high temperature and 
conresponding high kinetic energies, the dopant atoms implanted in the 
surface 38 of the workpiece tend to eject silicon atoms from the lattice and 
25 occupy substitaJtional lattice sites formerly occupied by silicon atoms. The 

dopants thereby become electrically activated. The displaced silicon atoms 
tend to migrate toward interstitial sinks such as the surface 38 of the 
workpiece, where they tend to be consumed by other processes such as 
o)ddation. 

30 The heat-treating routine 90 is then ended. 
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Referring to Figure 4, a temperature-time profile of the surface 38 of the 
workpiece 34 resulting from the foregoing execution of the heat-treating 
routine 90 Is shown generally at 130. The temperature-time profile 130 has 
four distinct stages, namely, a bulk pre-heating stage 132, a surface heating 
5 stage 134, a surface cooling stage 136 and a bulk cooling stage 138. 

Referring to Figures 2, 3 and 4, the bulk pre-heating stage 132 results from 
the execution by the processor circuit 72 of blocks 100 and 110, and serves to 
increase the temperature of the workpiece 34 over a first time period 133 from 
Its Initial temperature to the intermediate temperature. More particularly, in 

10 this embodiment, the pre-heating device 32 increases the temperature of the 

entire workpiece 34 from its initial temperature (room temperature) to an 
Intermediate temperature of lOOO^C at a ramp rate of approximately 400^C 
per second. Pre-heating the workpiece In this manner to the Intermediate 
temperature, and in particular to an intemnedlate temperature that Is relatively 

15 close to the desired temperature, serves to reduce the magnitude of the 

temperature gradients that occur in the workpiece during the subsequent 
surface heating stage 134 and therefore serves to reduce thermal stress 
damage to the lattice of the workpiece. In comparison to techniques such as 
laser annealing or microwave annealing. However, the relatively fast ramp 

20 rate of the bulk pre-heating stage 132 and the correspondingly short time 

period spent by the workpiece at high temperatures results In much less 
dopant diffusion in the woricpiece than other cycles that use slower ramp rates 
or that hold the workpiece at an intennediate temperature before the 
subsequent heating stage. In other words, in this embodiment, the duration of 

25 the bulk pre-heating stage 132, while longer than the thermal conduction time 

of the workpiece. Is short compared to a characteristic time required for 
unacceptable diffusion to occur at the temperatures obtained during the bulk 
pre-heating stage. 

The surface heating stage 134 results from the flash produced by the heating 
30 device 36 at block 120, and serves to heat the surface 38 of the workpiece 

from the Intermediate temperature to the desired temperature. As shown In 
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Figure 4, such heating of the surface commences within less time following 
the first time period 133 than the first time period 133; indeed, in this 
embodiment the heating commences immediately following the end of the first 
time period 133, as soon as the intermediate temperature is achieved in the 

5 wori<piece 34. In this embodiment the flash increases the temperature of the 
surface 38 from the intemiediate temperature of 1000<'C to the desired 
annealing temperature of lOSCC in appro)dmately one millisecond. Due to 
the short duration of the flash (on the order of 1 ms), the heating device 36 is 
operable to heat the surface 38 of the workpiece for a time period less than a 

10 thermal conduction time of the workpiece (on the order of 10-15 ms). 
Therefore, the heating device 36 heats the surface 38 of the woricpiece much 
faster than such heat can conduct away from the surface 38 and into the 
woricpiece, and as a result, the bulk of the workpiece remains substantially at 
the intermediate temperature while the surface 38 is heated to the desired 

15 temperakire. 

Thus, during the surface cooling stage 136 that immediately follows the flash, 
the relatively cold bulk of the workpiece 34 acts as a heat sink for the surface 
38, allowing the surface 38 to cool at a significantly faster rate than it would 
have cooled if the entire workpiece had been heated to the desired 
20 temperature. This rapki cooling continues until the surface 38 has reached 
the same temperature as the remainder of the workpiece 34 (approximately 
the intermediate temperature). Typically, the duration of this surface cooling 
stage 136 is on the order of the duratton of the surface heating stage 134. 

As a result of this ultra-fast heating and cooling during the surface heating and 
25 cooling stages 134 and 136, ttie surface 38 of the workpiece spends 
considerably less time in the high temperature range between the 
intermediate temperature and the desired temperature than it would have if 
the entire workpiece had been heated to the desired temperature. As most of 
the undesirable dopant diffusion occurs at or near the desired annealing 
30 temperature, this ultra-last heating and cooling results in less dopant diffusion, 
allowing for the fomnation of shaltower p-i-Zn junctions than previous arc lamp 
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or filament lamp annealing systems. At the same time, because the desired 
temperature exceeds the intermediate temperature by an amount less than or 
equal to about one-fifth (or more advantageously In the present embodiment, 
less than or equal to about one-twentieth) of the difference between the 
5 intemnediate and initial temperatures, the temperature gradients in the 
workpiece during these heating and cooling stages are much smaller than 
those that occur in conventional laser annealing techniques, resulting in less 
thermal stress damage to the crystal lattice. 

When the surface 38 has cooled to the same temperature as the bulk of the 
10 workpiece 34 (approximately the intermediate temperature), the bulk cooling 

stage 138 then commences, in which the surface 38 cools along with the bulk 
of the workpiece 34. In this embodiment, such cooling results largely from 
blackbody radiation thermally emitted by the hot workpiece, but also results 
partly from convection involving gases (If any) In the vicinity of the workpiece. 
15 The rate of such bulk cooling is strongly dependent on temperature and also 

depends on other factors such as the absorptiveness or reflectivity of the 
chamber, for example. In this embodiment the bulk cooling stage initially 
commences at a ramp rate of approximately -180°C/s, afthough this rate 
decreases somewhat as the workpiece cools. Advantageously, the radiation 
20 absorbing properties of the black chamber 48 allow faster bulk cooling rates 

than reflective chambers. 



Although only a single heat-treating routine 90 was described above for 
illustrative purposes, altematively a plurality of different heat-treating routines 
may be stored in the storage device 76 for directing the processor circuit 72 to 

25 control the system 30 to execute a plurality of different corresponding thermal 

heat-treating cycles for different applications. For example, the workpiece 34 
may be pre-heated for different times and/or at different rates to different 
intermediate temperatures, and the second side 46 of the workpiece may then 
be heated with different power levels for different durations to different desired 

30 temperatures, depending upon the particular application. 
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Altematives 

If desired, pre-heating devices and heating devices ottier than the arc lamp 
and flash lamp may be substituted. 

For example, referring to Figures 2 and 5, a system for heat-treating a 
6 worl^piece according to a third embodiment of the invention is shown 
generally at 150 in Figure 5. In this embodiment, the pre-heating device 32 
includes an alternative irradiance source, which in this embodiment includes 
at least one filament lamp. Thus, in this embodiment, inradiating the 
workpiece involves exposing the workpiece to electromagnetic radiation 
10 produced by at least one filament lamp. More particulariy, in this emt)odiment 
the pre-heating device 32 includes a disc-shaped anray 202 of tungsten 
filament lamps operable to project electromagnetic radiation through a quartz 
window 204 to irradiate the first side 42 of the workpiece 34, to pre-heat the 
workpiece to the intermediate temperature. Although there are nunierous 
15 advantages to using an arc lamp rather than a tungsten filament lamp array 
as the pre-heating device, as discussed earlier herein, the deeper dopant 
diffusion that tends to result from tungsten filament lamps may not necessarily 
be fatal for all applications, depending on the performance requirements in a 
particular application. 

20 As a further example, still referring to Figures 2 and 5, in the alternative 
system 150 shown in Figure 5, irradiating the surface 38 involves moving a 
laser beam across the surface. More particulariy, in this embodiment the 
heating device 36 includes an excimer laser 206 operable to move a laser 
beam 208 across the surface 38 of the workpiece 34. The excimer laser 206 

25 is operable to produce a rapid laser pulse, on the order of microseconds or 
nanoseconds In duration, to heat the surface 38 to the desired temperature. 
Although the laser 206 may suffice for applications where the increased 
thermal stress damage to the lattice of the workpiece is not critical, it is noted 
that in general, the flash lamp 68 shown in Figure 2 is preferred, for reasons 

30 discussed eariier herein. 
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Referring to Figures 2 and 6, a system for heat-treating a workpiece according 
to a fourth embodiment of the invention is shown generally at 160 in Figure 6. 
In this embodiment, a single arc lamp 162 functions as both the pre-heating 
device 32 and the heating device 36. The arc lamp 162 is similar to the arc 
5 lamp 62 shown in Figure 2 and includes an elliptical reflector 164 for providing 
a substantially unifom) inradiance field to inradiate the second side 46 of the 
workpiece, which in this embodiment is a device side of a silicon 
semiconductor wafer. However, the arc lamp 162 further includes a power 
supply system 166 similar to the power supply system 69 of the flash lamp 68 
1 0 shown in Figure 2. The power supply system 166 is connected in parallel with 
a regular continuous power supply (not shown) of the arc lamp 162. 

Thus, refening to Figures 2, 3, 4 and 6, the arc lamp 162 may be operated in 
a manner similar to the arc lamp 62 shown in Figure 2 during the bulk pre- 
heating stage 132 shown in Figure 4, in accordance with the execution by the 

15 processor circuit 72 of a modified block 100 of the heat-treating routine 90. 

When the intemiediate temperature is achieved in the workpiece, a modified 
block 110 directs the processor circuit 72 to disconnect the regular continuous 
power supply to the arc lamp 162, and to discharge the power supply system 
166 to provide an abrupt spike of power to the arc lamp 162, producing a flash 

20 of similar Intensity and duration to that produced by the flash lamp 68 shown 
in Figure 2. Although the system 160 shown in Figure 6 may be less 
expensive than the system 30 shown in Figure 2, the system 160 supplies 
100% of the heating of the workpiece to the second side 46, which in this 
embodiment is the device side, of the workpiece. As the device side is much 

25 more inhomogeneous than the substrate side (the first side 42) of the 

workpiece, non-unifonn absorption by devices on the device side may tend to 
produce greater lateral temperature gradients and connesponding thennal 
stress damage to the lattice of the workpiece than those that would occur 
using the system 30. This difficulty may be alleviated somewhat by providing 

30 the system 160 with an additional con-ective energy source 168 locatable to 
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supply additional iieat to cooler areas of the device side, \A^ose operation is 
similar to tliat of the corrective energy source 66 shown in Figure 2. 

Referring back to Figures 5 and 6, further variations in the nature, location 
and combinations of the pre-heating and heating devices 32 and 36 are 
5 possible. For example, lasers other than exclmer lasers may be substituted 

for the flash lamp 68 to act as the heating device 36. Or, different types of 
tungsten filament anrays, such as a linear tungsten lamp an'ay, may be 
substituted for the arc lamp 62 to act as the pre-heating device 32. 

As a further alternative, refening to Figures 2 and 7, a system for heat-treating 

10 a workplece according to a fifth embodiment of the invention is shown 

generally 220 In Figure 7. In this embodiment the pre-heating device 32 
Includes a radiant hot body 222 locatable to pre-heat the workplece to the 
intennedlate temperature. In this embodiment the hot body 222 is quartz, 
heated to approximately the intermediate temperature. Altematively, other 

15 materials, such as silicon carbide, silicon, refractory metal, graphite, or a 
combination of such materials, for example, may be substituted. The hot 
body 222 is located in the black chamber 48 below the workplece 34, in close 
proximity thereto, and Is operable to pre-heat the workplece by radiative heat 
transfer and also by convection and conduction through a thin layer of gas 

20 between the hot body 222 and the workplece 34. Following the bulk pre- 

heating and suri'ace heating stages 132 and 134, the hot body may be 
effectively "shut off" by moving the workplece away from the hot body, or 
altematively, by moving the hot body away from the workplece. In this 
embodiment, this is achieved by a motorized mechanism 224 that slides the 

25 workplece 34 out of the black chamber 48 following the surface heating stage. 

Also, if separate pre-heating and heating devices are provided, the pre- 
heating and heating devices need not be on opposite sides of the workplece: 
for example. If desired, the pre-heating device, such as a linear tungsten 
array, and a heating device such as a laser may be both located above the 
30 surface 38 of tiie wori<piece, to in-adiate the second or device side 46 of ttie 
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workpiece (although, as noted, supplying 100% of the pre-heating and heating 
energy to the device side tends to produce greater temperature gradients and 
themnai stress damage). 

Other combinations or penmutations of the above-noted pre-heating and 
heating devices or equivalent devices may be provided. For example, an arc 
lamp may be provided as the pre-heating device and a laser as the heating 
device, or a tungsten filament array may be provided as the pre-heating 
device and a flash lamp as the heating device. These and other such 
variations may be apparent to one of ordinary skill In the art upon reviewing 
this specification, and are not considered to depart from the scope of the 
invention as construed in accordance with the accompanying claims. 

More generally, while specific embodiments of the invention have been 
described and illustrated, such embodiments should be considered illustrative 
of the invention only and not as limiting the invention as construed in 
accordance with the accompanying claims. 
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What is claimed is: 

1 . A metfiod of heat-treating a workpiece, the method comprising: 

a) increasing a temperature of the worl<piece over a first time 
period to an intemiediate temperature; and 

5 b) heating a surface of the wori<piece to a desired temperature 

greater than said intermediate temperature, said heating 
commencing within less time following said first time period than 
said first time period. 

2. The method of claim 1 wherein increasing comprises pre-heating the 
10 workpiece for a time period greater than a thermal conduction time of 

the workpiece. 

3. The method of claim 1 wherein heating comprises heating said surface 
for a time period less than a thermal conduction time of the workpiece. 

4. The method of claim 1 wherein heating said surface of the workpiece 
1 5 comprises commencing said heating at an end of said first time period. 

5. The method of claim 1 further comprising producing an Indication of a 
temperature of the workpiece. 

6. The method of claim 5 wherein heating said surface comprises 
commencing said heating in response to an indication that said 

20 temperature of the wori<piece is at least said intermediate temperature. 

7. The method of claim 1 wherein increasing comprises irradiating the 
workpiece. 

8. The method of claim 7 wherein irradiating comprises exposing the 
workpiece to electromagnetic radiation produced by an arc lamp. 
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9. The method of claim 7 wherein Irradiating comprises exposing the 
workpiece to electromagnetic radiation produced by at least one 
filament lamp. 

10. The method of claim 1 wherein Increasing comprises pre-heating said 
5 workpiece at a rate of at least 250°C per second. 

11. The method of claim 1 wherein increasing comprises pre-heatIng said 
wori<plece at a rate of at least 400^0 per second. 

12. The method of claim 1 wherein heating said surface of the workpiece 
comprises irradiating said surface. 

10 13. The method of claim 12 wherein in-adiating comprises exposing said 

surface to electromagnetic radiation produced by a flash lamp. 

14. The method of claim 12 wherein irradiating comprises moving a laser 
. beam across said surface. 

15. The method of claim 1 further comprising absorbing radiation reflected 
15 and thermally emitted by the workpiece. 

16. The method of claim 15 wherein absorbing comprises absorbing said 
radiation in a radiation absorising environment. 

17. The method of claim 15 wherein absorbing comprises absorbing said 
radiation in at least one radiation absorbing surface. 

20 18. The method of claim 17 further comprising cooling said at least one 
radiation absori3ing surface. 

19. The method of daim 1 wherein increasing comprises pre-heating the 
workpiece to said intermediate temperature, and wherein heating 
comprises heating said surface to a desired temperature greater than 
25 said intermediate temperature by an amount less than or equal to 
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about one-fifth of a difference between said intermediate and initial 
temperatures. 

20. The method of claim 1 wherein increasing comprises irradiating a first 
side of the workpiece to pre-heat the workpiece to said intermediate 

5 temperature, and wherein heating comprises irradiating a second side 

of the workpiece to heat said second side to said desired temperature. 

21. The method of claim 19 wherein pre-heating comprises irradiating a 
first side of the workpiece to pre-heat the workpiece to said 
intennediate temperature, and wherein heating comprises in-adiating a 

10 second side of the workpiece to heat said second side to said desired 

temperature. 

22. A system for heat-treating a workpiece, the system comprising: 

a) a pre-heating device operable to increase a temperature of the 
wortcpiece over a first time period, to an intermediate 

15 temperature; and 

b) a heating device operable to heat a surface of the workpiece to 
a desired temperature greater than said intemnediate 
temperature, and operable to commence said heating within 
less time following sakl first time period than said first time 

20 period. 

23. The system of claim 22 wherein sakJ pre-heating device is operable to 
pre-heat the wori^piece for a time period greater than a thennal 
conduction time of the workpiece. 

24. The system of daim 22 wherein said heating device is operable to heat 
25 said surface for a time period less than a thermal conduction time of 

the workpiece. 
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25. The system of claim 22 wherein said heating device Is operable to 
commence said heating of said surface of the workpiece at an end of 
said first time period. 

26. The system of claim 22 further comprising a temperature indicator 
5 operable to produce an Indication of a temperature of the wori<plece. 

27. The system of claim 26 wherein said heating device is operable to 
commence said heating In response to an indication from said 
temperature Indicator that said temperature of the wori<piece Is at least 
said intenmediate temperature. 

10 28. The system of claim 22 wherein said pre-heating device comprises 
means for Inradiating the wori<plece. 

29. The system of claim 22 wherein said pre-heating device comprises an 
irradiance source operable to irradiate the workpiece. 

30. The system of claim 29 wherein said Irradiance source comprises an 
15 arc lamp. 

31. The system of claim 29 wherein said in^adiance source comprises at 
least one filament lamp. 

32. The system of daim 22 wherein said pre-heating device comprises a 
hot body beatable to pre-heat the wori^plece. 

20 33. The system of claim 22 wherein said pre-heating device is operable to 
pre-heat said worttpiece at a rate of at least 250°C per second. 

34. The system of claim 22 wherein said pre-heating device is operable to 
pre-heat said workpiece at a rate of at least 400°C per second. 



25 



35. 



The system of claim 22 wherein said heating device comprises means 
for irradiating said surface. 



wo 02/47143 



PCT/CAOl/00776 



-41- 

36. The system of claim 22 Avherein said heating device comprises an 
in'adiance source operable to Irradiate said surface. 

37. The system of claim 36 wherein said inradiance source comprises a 
flash lamp. 

5 38. The system of claim 35 wherein said irradlance source comprises a 
laser. 

39. The system of claim 22 further comprising a radiation absorbing 
environment operable to absort} radiation reflected and thennally 
emitted by the workpiece. 

10 40. The system of claim 22 further comprising at least one radiation 
absorbing surface operable to absorb radiation reflected and thermally 
emitted by the workpiece. 

41 . The system of claim 40 further comprising a cooling system operable to 
cool said at least one radiation absorbing surface. 

1 5 42. The system of claim 22 wherein said heating device is operable to heat 
said surface to a desired temperature greater than said intermediate 
temperature by an amount less than or equal to about one-fifth of a 
difference between said intennediate and initial temperatures. 

43. The system of claim 22 wherein said pre-heating device comprises a 
20 first irradiance source operable to irradiate a firBt side of the workpiece 

to pre-heat the workpiece to said intermediate temperature, and 
wherein said heating device comprises a second Irradiance source 
operable to in^adiate a second side of the workpiece to heat said 
second side to said desired temperature. 

25 44. The system of daim 42 wherein said pre-heatIng device comprises a 
first inradiance source operable to inradiate a first skle of the workpiece 
to pre-heat the wori^piece to said intemiediate temperature, and 
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wherein said heating device comprises a second irradiance source 
operable to irradiate a second side of the workpiece to heat said 
second side to said desired temperature. 

45. A system for heat-treating a workpiece, the system comprising: 

5 a) means for increasing a temperature of the workpiece over a first 

time period, to an intermediate temperature; and 

b) means for heating a surface of the workpiece to a desired 
temperature greater than said intemiediate temperature, 
comprising means for commencing said heating within less time 
10 following said first time period than said first time period. 

46. A method of heat-treating a workpiece, the method comprising: 

a) pre-heating the workpiece from an initial temperature to an 
intermediate temperature; and 

b) heating a surface of the workpiece to a desired temperature 
15 greater than said intermediate temperature by an amount less 

than or equal to about one-frfth of a difference between said 
intemnediate and initial temperatures. 

47. The method of claim 46 wherein heating said surface to said desired 
temperature comprises heating said surface to a desired temperature 

20 greater than said intermediate temperature by an amount less tiian or 

equal to about one-tenth of said difference between said intermediate 
and initial temperatures. 

48. The method of claim 46 wherein heating said surface to said desired 
temperature comprises heating said surface to a desired temperature 

25 greater than said intermediate temperature by an amount less than or 

equal to about one-twentietti of said difference between said 
intemiediate and initial temperatures. 
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49. The method of claim 46 wherein said desired temperature is at least 
about 1050»C. 

50. The method of claim 46 wherein pre-heating comprises pre-heating the 
worl<piece for a time period greater than a thermal conduction time of 

5 the workpiece. 

51. The method of claim 46 wherein heating comprises heating said 
surface for a time period less than a themnal conduction time of the 
workpiece. 

52. The method of claim 46 wherein pre-heating comprises irradiating the 
10 workpiece. 

53. The method of claim 52 wherein irradiating comprises exposing the 
workpiece to electromagnetic radiation produced by an arc lamp. 

54. The method of claim 52 wherein irradiating comprises exposing the 
workpiece to electromagnetic radiation produced by at least one 

15 filament lamp. 

55. The method of claim 46 wherein pre-heating comprises pre-heating 
said workpiece at a rate of at least 250°C per second. 

56. The method of claim 46 wherein pre-heating comprises pre-heating 
said woricpiece at a rate of at least 400'*C per second. 

20 57. The method of claim 46 wherein heating said surface of the workpiece 
comprises irradiating said surface. 

58. The metiiod of claim 57 wherein irradiating comprises exposing said 
surface to electromagnetic radiation produced by a flash lamp. 

59. The method of claim 57 wherein Irradiating comprises moving a laser 
25 beam across said surface. 
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60. The method of claim 46 further comprising producing an indication of a 
temperature of the workpiece. 

61. The method of claim 60 wherein heating said surface comprises 
commencing said heating in response to an indication that said 

5 temperature of the worl<piece is at least said intenmediate temperature. 

62. The method of claim 46 further comprising absorbing radiation 
reflected and thermally emitted by the workpiece. 

63. The method of claim 62 wherein absorbing comprises absorbing said 
radiation in a radiation absorbing environment. 

10 64, The method of claim 62 wherein absorbing comprises absorbing said 

radiation in at least one radiation, absorbing surface. 

65. The method of claim 64 further comprising cooling said at least one 
radiation absorbing surface. 

66. The method of claim 46 wherein pre-heating comprises inradiating a 
15 first side of the woricpiece to pre-heat the workpiece to said 

intermediate temperature, and wherein heating comprises irradiating a 
second side of the workpiece to heat said second skie to said desired 
temperature. 

67. A system for heat-treating a workpiece, the system comprising: 

20 a) a pre-heating device operable to pre-heat the workpiece from an 

initial temperature to an intermediate temperature; and 

b) a heating device operable to heat a surface of the workpiece to 
a desired temperature greater than said intermediate 
temperature by an amount less than or equal to about one-fifth 
25 of a difference between said intemnediate and initial 

temperatures. 
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68. The system of claim 67 wherein said heating device is operable to heat 
said surface to a desired temperature greater than said intermediate 
temperature by an amount less than or equal to about one-tenth of said 
difference between said intemnediate and initial temperatures. 

5 69. The system of claim 67 wherein said heating device is operable to heat 
said surface to a desired temperature greater than said intermediate 
temperature by an amount less than or equal to about one-twentieth of 
said difference between said intermediate and initial temperatures. 

70. The system of claim 67 wherein saki heating device is operable to heat 
1 0 said surface to at least about 1 050°C. 

71. The system of claim 67 wherein said pre-heating device is operable to 
pre-heat the workplace for a time period greater than a thermal 
conduction time of the workpiece. 

72. The system of claim 67 wherein said heating device is operable to heat 
15 said surface for a time period less than a thermal conduction time of 

the workpiece. 

73. The system of claim 67 wherein said pre-heating device comprises 
means for in^diating the workpiece. 

74. The system of daim 67 wherein said pre-heating device comprises an 
20 Irradiance source operable to irradiate the worlq)iece. 

75. The system of claim 74 wherein said irradiance source comprises an 
arc lamp. 

76. The system of claim 74 wherein said irradiance source comprises at 
least one filament lamp. 



25 77. 



The system of claim 67 wherein said pre-heating device comprises a 
hot body locatable to pre-heat the workpiece. 
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78. The system of claim 67 wherein said pre-heating device is operable to 
pre-heat said workpiece at a rate of at least 250^C per second. 

79. The system of claim 67 wherein said pre-heating device is operable to 
pre-heat said workpiece at a rate of at least 400^C per second. 

5 80. The system of claim 67 wherein said heating device comprises means 
for irradiating said surface. 

81. The system of claim 67 wherein said heating device comprises an 
irradiance source operable to irradiate said surface. 

82. The system of claim 81 wherein said irradiance source comprises a 
10 flash lamp. 

83. The system of claim 80 wherein said irradiance source comprises a 
laser. 

84. The system of claim 67 further comprising a temperature indicator 
operable to produce an indication of a temperature of the workpiece. 

15 85. The system of claim 84 wherein said heating device is operable to 
commence said heating in response to an indication from said 
temperature indicator that said temperature of the workpiece is at least 
said intermediate temperature. 

86. The system of claim 67 further comprising a radiation absorbing 
20 environment operable to absorb radiation reflected and thermally 

emitted by the workpiece. 

87. The system of claim 67 further comprising at least one radiation 
absorbing surface operable to absorb radiation reflected and thermally 
emitted by the workpiece. 



25 88. 



The system of claim 87 further comprising a cooling system operable to 
cool said at least one radiation absori^ing surface. 
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89. The system of claim 67 wherein said pre-heating device comprises a 
first irradiance source operable to irradiate a first side of the workplece 
to pre-heat the workpiece to said intermediate temperature, and 
wherein said heating device comprises a second irradiance source 

5 operable to inradiate a second side of the workpiece to heat said 

second side to said desired temperature. 

90. A system for heat-treating a workpiece, the system comprising: 

a) means for pre-heating the workpiece from an initial temperature 
to an intermediate temperature; and 

10 b) means for heating a surface of the workpiece to a desired 

temperature greater than said intemriediate temperature by an 
amount less than or equal to about one-fifth of a difference 
between said intermediate and initial temperatures. 

91 . A method of heat-treating a wori<piece. the method comprising: 

15 a) inradiating a first side of the wori^piece to pre-heat the wori<piece 

to an intenmediate temperature; and 

b) irradiating a second side of the workpiece to heat said second 
side to a desired temperature greater than said intermediate 
temperature. 

20 92. The method of claim 91 wherein irradiating said first and second sides 
comprises in-adiating a substrate side and a device side respectively of 
a semiconductor wafer. ■ 

93. The method of claim 91 wherein irradiating said first side comprises 
inradiating said first side for a time period greater than a thermal 
25 conduction time of the workpiece. 
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94. The method of claim 91 wherein irradiating said second side comprises 
irradiating said second side for a time period less than a themnai 
conduction time of the worlcpiece. 

95. The method of claim 91 wherein in^adiating said first side comprises 
exposing said first side to electromagnetic radiation produced by an arc 
lamp. 

96. The method of claim 91 wherein inradiating said first side comprises 
exposing said first side to electromagnetic radiation produced by at 
least one filament lamp. 

97. The method of claim 91 wherein irradiating said first side comprises 
inradiating said first side with a radiation intensity sufficient to pre-heat 
said workpiece at a rate of at least 250°C per second. 

98. The method of claim 91 wherein Inradiating said first side comprises 
inradiating said first side with a radiation intensity sufficient to pre-heat 
said workpiece at a rate of at least 400°C per second. 

99. The method of claim 99 wherein inradiating said second side comprises 
exposing said second side to electromagnetic radiation produced by a 
flash lamp. 

100. The method of claim 99 wherein in-adiating said second side comprises 
moving a laser beam across said surface. 

101 . The method of claim 91 further comprising producing an indication of a 
temperature of the workpiece. 

102. The method of claim 101 wherein irradiating said second side 
comprises commencing said inradiating of said second side In response 
to an indication that said temperature of the workpiece Is at least said 
intermediate temperature. 
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103. The method of claim 91 further comprising absorbing radiation 
reflected and thermally emitted by the worl<piece. 

104. The method of claim 103 wherein absorbing comprises absorbing said 
radiation in a radiation absorbing environment. 

105. The method of claim 103 wherein absorbing comprises absorising said 
radiation in at least one radiation absorbing surface. 

106. The method of claim 105 further comprising cooling said at least one 
radiation absorbing surface. 

107. A system for heat-treating a wori<piece, the system comprising: 

a) a first innadiance source operable to irradiate a first side of the 
worlcpiece to pre-heat the workpiece to an intemnediate 
temperature; and 

b) a second irradiance source operable to irradiate a second side 
of the workpiece to heat said second side to a desired 
temperature greater than said intermediate temperature. 

108. The system of claim 107 wherein said first and second inradiance 
sources are locatable to iradiate a substrate side and a device side 
respectively of a semiconductor wafer. 

109. The system of claim 107 wherein said first irradiance source is 
operable to irradiate said first side for a time period greater than a 
thermal conduction time of the workpiece. 

110. The system of claim 107 wherein said second irradiance source is 
operable to irradiate said second side for a time period less than a 
thermal conductton time of the workpiece. 

111. The system of claim 1 07 wherein said first irradiance source comprises 
means for inradiating the wori^piece. 
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li 2. The system of claim 107 wherein said first irradiance source comprises 
an arc lamp. 

113. The system of claim 107 wherein said first irradiance source comprises 
at least one filament lamp. 

5 114. The system of claim 107 wherein said first inradiance source Is 
operable to in'adiate said first side with a radiation intensity sufficient to 
pre-heat said workpiece at a rate of at least 250°C per second. 

115. The system of claim 107 wherein said first Inradiance source is 
operable to irradiate said first side with a radiation intensity suffident to 

1 0 pre-heat said workpiece at a rate of at least 400°C per second. 

116. The system of claim 107 wherein said second in-adiance source 
comprises means for in^diatlng the workpiece. 

117. The system of claim 107 wherein said second inradiance source 
comprises a flash lamp. 

15 118. The system of claim 107 wherein said second in'adiance source 
comprises a laser. 

119. The system of claim 107 further comprising a temperature indicator 
operable to produce an indication of a temperature of the workpiece. 

120. The system of claim 119 wherein said second in-adiance source is 
20 operable to commence said in-adiating of said second side in response 

to an indication from said temperature indicator that said temperature 
of the woricpiece is at least said intemnediate temperature. 

121. The system of claim 107 further comprising a radiation absori^ing 
environment operable to absorb radiation reflected and thenmally 

25 emitted by the woricpiece. 
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122. The system of daim 107 further comprising at least one radiation 
absorbing surface operable to absorb radiation reflected and thennally 
emitted by the workpiece. 

123. The system of claim 122 further comprising a cooling system operable 
to cool said at least one radiation absorbing surface. 

124. A system for heat-treating a workpiece, the system comprising: 

a) means for irradiating a first side of the workpiece to pre-heat the 
workpiece to an intermediate temperature; and 

b) means for irradiating a second side of the workpiece to heat said 
second side to a desired temperature greater than said 
intermediate temperature. 
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